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Abstract 
The evolution of char porous structure can affect the gasification rate of biomass char. A model based on the classical 
capillary pores is developed taking into account different conversion rates for pores having different radii. The con-
tribution of different pores with different radii is taken into account using an effectiveness factor presented for each 
pore radius. As the char conversion proceeds, the pore enlargement increases the contribution of micro-pores; conse-
quently the effective surface area will increase. The increase in the effective surface area leads to an increasing reac-
tivity of char during the entire conversion process. This model is used to examine the contribution of each group of 
pores in the conversion of biomass char and can be a useful tool for developing and calibrating intrinsic kinetic rates 
from experimental data. 
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1. Introduction  
The heterogeneous char reactions occur at the surface of porous structure of the char. When the intra-
particle mass transfer and chemical kinetic rates have comparable time scales, which is referred to as the 
regime II gasification, the evolution of porous structures is proven to be important. There are different 
theories developed for representing a porous medium, such as discrete models and capillary models. Mod-
els based on the Capillary Theory are by far the most commonly used models in this field [1]. One of the 
well-known models in capillary theory is the random pore model (RPM) developed by Bhatia and Perl-
mutter [2, 3] and Gavalas [4]. The RPM assumes cylindrical capillaries randomly located and oriented 
with any distribution of pore radii. During the conversion, the surface area of the structures may increase 
due to the surface reactions or decrease due to different capillary overlapping. The specific surface area is 
related to the degree of conversion of the carbon structures according to the following equation, 
              (1) 
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where  is the initial specific surface area,  is the carbon conversion and   is the structural parameter 
depending on the carbon structure. The structural parameter can be determined using the original pore size 
distribution; however, it is usually estimated by fitting to measured experimental data.  
For coal, RPM predicts a maximum in the specific surface area and hence in char reactivity as the con-
version proceeds. The specific surface area first increases as the pore radius is enlarged due to the ongoing 
reactions and at a certain point, starts to decrease as the pores merge and coalesce. For biomass, on the 
other hand, some experimental evidence shows a constant or a continuously increasing trend for the spe-
cific area during the conversion. Dasappa et al. [5] measured the specific surface area of different biomass 
chars at various degrees of conversion, up to 80% conversion, using the BET technique. The specific sur-
face area varied weakly as the conversion proceeded. In another experiment, Lussier et al. [6] reported a 
constant adsorbed hydrogen concentration between 0.5% and 40% conversion of Saran char. A continu-
ous increase in the “reactive” surface area was reported in [7] for the beech wood char. Because of these 
differences, the theories originally developed for evolution of a pore structure of coal during the conver-
sion may fail for biomass [8].  
Dasappa et al. [5] argued that assuming a monotonous increasing pore size without any merging and 
coalescing is more relevant for the ordered structure of wood than using the RPM that was originally de-
veloped for coal. This assumption implies that the specific surface area increases continuously. This mod-
el is based on the classical capillary tubes model that relates the specific surface area to the porosity and 
pore radius  by the following equation, 
 

  (2) 
By some mathematical manipulations and the assumption that the pores grow due to the radial expan-
sion, one can relate the specific surface area to the carbon conversion as follows, 
      

 
(3) 
It should be noted that not the entire available surface area participates in the reactions. The concentra-
tion of active sites on the char surface is an important parameter in char conversion kinetics and it is ex-
pected that the reactions take place only on the surfaces where the oxygen-complexes are formed [9]. De-
spite many attempts in measuring the active site area (ASA), e.g., [10], there are difficulties in correlating 
the ASA with the carbon gasification reactivity [11]. One may assume that the reason for increasing char 
reactivity versus conversion is due to the increase in the concentration of the active sites.  
The model based on the classical capillary tubes shows acceptable accuracy compared with the exper-
imental data and it is used in this study. Based on this model, the volume fraction and pore radius increase 
with the rate of char conversion. Based on Eq. (2), the rate of increase in the surface area is, 

   (4) 
2. Multi-pore structure 
There are three distinct groups of pores in the char particle structure; macro-pores (diameter d>50 ), 
meso-pores (d=2-50 ) and micro-pores (d< 2 ). The reactions are taking place mainly on macro- 
and meso-pores’ surfaces. The contribution of micro-pores in the surface area is high; however, their con-
tribution to the conversion is limited due to the limited accessibility to the reactants. Therefore, the initial 
surface of the micro-pores may not contribute to the reactions. On the other hand, the accessibility of the 
micro-pores may increase as the conversion proceeds due to the increase in the pore radius.  
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Char can undergo different reactions with CO2, H2O and O2. It was observed that different reactants 
behave differently in micro-pores. Hurt et al. [12] reported that the char reaction with CO2 primarily takes 
place outside the micro-porous network and according to Ballal and Zygourakis [13] micro-pores are not 
accessible to O2. On the other hand, H2O can penetrate into small pores that are not accessible to oxygen 
[14]. The above discussion suggests that during the char conversion different pores may evolve with dif-
ferent rates and their accessibility to certain reactants may change during the conversion.  
To take into account the various pore sizes, a pore size distribution is assumed for the char particle. 
The pore sizes are divided to discrete bins of initial porosity  corresponding to the pore radius  
distribution. Similar to the work of Singer and Ghoniem [15, 16] for coal conversion, a variable  is in-
troduced to describe the radial expansion of pore  at each time caused by the char conversion. If we as-
sume that the reactions take place on the pore surface, the solid-phase conversion can be rewritten in 
terms of the temporal variation of , 

 

 
 (5) 
where  is the intrinsic reaction rate of the char reactions. The pore radius at each time is given by, 
      (6) 
To identify the degree of participation of each pore in the reactions, the concept of pore scale Thiele 
module for individual capillary developed by Gavalas [4] is adapted. An effectiveness factor based on the 
Thiele module is employed here. The effectiveness factor can verify whether a pore with a radius of  is 
in the kinetic control regime with respect to reaction . For a first order reaction with an intrinsic rate con-
stant of  and an effective diffusion coefficient of , the Thiele module  is given by, 
 




 (7) 
where  is the length of the pore . Note that the Thiele module is different for each reaction and each 
pore radius. The effectiveness factor is given by, 
 

  (8) 
The effectiveness factor quantifies the participation of each reaction for each pore size, which can be 
used to modify the pore growth rate, 

 

 
 (9) 
Equation (10) can now be employed for each porosity bin , 

 

 
 (10) 
where  is the specific surface area corresponding to  and . The effective surface area is defined as 
the surface area accessible to the reactants,  
  

 (11) 
The effective diffusion coefficient for each pore  can be obtained based on the combined Knudsen and 
the bulk diffusion. Contribution of each pore size to the total effective diffusion coefficient should be con-
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sidered. In a slightly different context, Wakao and Smith [17, 18] presented a relation for the diffusion 
coefficient in a porous catalyst. By assuming that the micro-pores are distributed in the solid structure 
between the macro- and meso-pores, the contribution of each group of pores to diffusion can be calculated 
based on the following equation [19],  
     


 


 (12) 
where the effective diffusion coefficient for each pore size is, 
 

 



 (13) 
The Knudsen diffusion coefficient for species  depends on the pore radius and is calculated based on 
the following expression, 
 



  
(14) 
where  is the molecular weight of species .   depends on the gas composition and temperature 
which can be calculated based on the binary diffusion coefficient of each species in the mixture, 
 
  


 (15) 
where  is the total number of gas species. The temperature effect is included in the binary diffusion co-
efficients, . The conservation of gaseous species and mass and energy are as follows:  
  

  
 

  
  

 (16) 

  

  
  

 (17) 
       



   



   
    
(18) 
3. Results and discussions 
The model presented above is developed for simulation of gasification and combustion of biomass char 
with different reactants, e.g., steam, carbon dioxide and oxygen. To validate the model, we consider the 
experimental data from Mermoud et al. [8] for gasification of biomass char at different reactor tempera-
tures and partial pressures of steam for different particle sizes. In their experiment, Mermoud et al. [8] 
reported the surface area of char for micro-pores as 578  while the total surface area was 617 
. By considering an average of 1  pore radius for micro-pores, the porosity of the micro-pores is 
0.147, Eq. (2). The total porosity was measured to be 0.73, which yields an average pore radius for the 
macro- and meso-pores of 60 . This area was divided to 5 bins, as there is usually a range of pore radi-
us available in the porous structure. The distribution was adopted in such a way that it is consistent with 
the data reported for biomass char [20, 21]. The pore radius and porosity for each bin are presented in 
Table 1. The contribution of micro-pores on the surface area is large compared with the larger pore radius.   
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Table 1. Pore radius and respective porosity and specific surface area 
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Results for the gasification of a 10  char particle in steam at reactor temperatures of 1200  and 
1300  and steam partial pressures of 0.1 and 0.2 atm are presented in Fig. 1. The solid lines, which show 
a good agreement with the experimental data for all three cases, were results from the multi-pore model 
while the dashed line (only for one case) was obtained by assuming an average single pore size. At the 
beginning of the reaction, the surface area of the micro-pores is not accessible to the steam. As the reac-
tion proceeds, the micro-pores enlarge and become partly accessible to the reactants. A portion of these 
pores will also overlap with the growing macro- and meso-pores. If the whole surface area measured by 
the adsorption/desorption method is used in the calculations, the conversion is highly over-predicted, as 
shown by the dashed line in Fig. 1. The increase in the “effective” surface area is predicted. At the start of 
the gasification, the specific area involved in the reaction is much lower than the total specific area, cf. 
Table 1 (3 orders of magnitude lower). However, the increase in the specific area occurred with a much 
higher rate than the case where only one representative pore radius was assumed for the particle.  

Fig. 1. Comparison between the results from the model and experiment for char conversion of a biomass char particle  
The increase in the specific area together with the increase in the net diffusivity due to the pore en-
largement results in an increased reaction rate throughout the conversion process. In contrast to coal, for 
which the reaction rate decreases after a certain level of conversion, the biomass char reactivity shows a 
monotonic increase until the end of conversion. This is in agreement with the experimental observation of 
Xu et al. [22] where the biomass char reactivity with CO2 at different conditions showed initially low re-
activity, and after 40% char conversion, the reactivity of biomass char increased rapidly. 
4. Conclusion 
A model was presented for gasification of biomass char, taking into account the structural evolution 
during char conversion. The porous structure of biomass char was divided into several groups of capillar-
ies with different radius. The contribution of each group of capillaries in the biomass conversion can be 
different due to the different resistance to the diffusion of species. The contribution was taken into ac-
count by means of an effectiveness factor for each pore radius. An effective surface area was then defined 
as the surface area accessible to the reactant. The effective surface area increases due to the pore enlarge-
ment and increase in the effectiveness factor of micro-pores. The results of the model were compared with 
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the experimental data for steam gasification of a 10  char particle under different conditions and the 
model results showed good agreement with the experiment data.  
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